• Starch xerogels were impregnated with H. italicum extract by scCO 2 extraction-impregnation process • Influence of different process parameters on impregnation yield was studied • Influence of ethanol on the extract's chemical profile and impregnation yield was determined • Selected process conditions enabled sufficient quantity of impregnated extract Abstract Supercritical CO 2 extraction of Helichrysum italicum and impregnation of starch xerogels with the extract by using an integrated scCO 2 extraction and impregnation process were performed at 350 bar and 40 °C in order to produce biomaterials for possible oral intake of the extract. Xerogels produced by air-drying of acetogels and alcogels were used as carriers in the supercritical impregnation process. The effect of ethanol as a co-solvent, contact time, plant material/carrier mass ratio and xerogel preparation on the impregnation loading was studied. The highest impregnation loading (1.26±0.22%) was achieved after 5 h impregnation of the xerogel obtained from alcogel using pure scCO 2 and plant material/ /carrier mass ratio of 10. Chemical analysis of the extracts showed that the addition of ethanol as co-solvent had a positive effect on scCO 2 selectivity to terpene fraction and total flavonoids, while it lowered the total phenolic content. Despite the difference in chemical composition, both extracts expressed similar antioxidant activity according to the DPPH and FRAP methods. The integrated process was shown to be a feasible method for isolation and incorporation of bioactive components of H. italicum into starch xerogels.
cum isolates in this area. Recently Rosa et al. [3] , performing extraction from H. italicum by acetone, reported the protective effect of the extract's component arzanol on oxidative modification of lipid components induced by Cu 2+ in human low-density lipoprotein (LDL) and the reduction of polyunsaturated fatty acids and cholesterol levels, inhibiting the increase of oxidative products. Previously, Facino et al. [4] tested free-radical scavenger properties of the single glycosyl-flavonoids, isolated from the ethanolic extract of H. italicum, and in toto glycosidic fraction with in vitro systems where different reactive oxygen species were generated and on lipid peroxidation in rat liver microsomes. It was shown that in toto fraction inhibited superoxide ions and hydroxyl radicals to a lesser extent than the lipid peroxidation in microsomes.
Finally, Rigano et al. [5] , performing extraction of H. italicum by ethanol, showed that this extract elicited antispasmodic actions in the isolated mouse ileum and inhibited transit preferentially in the inflamed gut. Biological assays on human colonic epithelial cells indicated the extract's component 12-acetoxytremetone antioxidant effects, specifically by reducing reactive oxygen species [6] .
Supercritical fluid technology, including the application of carbon dioxide as the main solvent, has gained wide acceptance during the past decades as an alternative to conventional processes [7] . Carbon dioxide is the most used solvent in supercritical processes because it is safe, readily available and low-cost [8] . Also, it has low critical pressure and temperature values (73.86 bar and 31.06 °C, respectively). The main advantage of supercritical CO 2 (scCO 2 ) extraction compared to conventional extraction processes is the production of solvent-free and highly valued plant extracts, after removing the solvent by decompression. On the other hand, scCO 2 can induce swelling of polymers and reduce viscosity of the polymer melt by up to an order of magnitude [9] . This and the near-zero surface tension of scCO 2 facilitates incorporation of compounds soluble in scCO 2 into the polymer matrix [10] . The main adventages of supercritical impregnation over the conventional impregnation processes are the production of high-purity and solvent-free impregnated materials, better distribution of solute inside the carrier matrix during the short time compared to conventional processes and avoidance of toxic reagents and additional treatment of the impregnated products.
Data on extraction from H. italicum using scCO 2 were reported in few articles found in the literature [11] [12] [13] [14] [15] [16] [17] [18] . In these studies, extraction pressure and temperature were varied in the range of 79.3-350 bar and 35.86-64.14 °C respectively, with the extraction times ranging from 1.5 h to 4 h. Obtained yields were in the range of 0.35-6.31%. It can be noted that there is a lack of data regarding the extract composition and co-solvent effects at higher pressures [19] .
Starch is a natural biodegradable polymer suitable to be a carrier for oral intake of bioactive components. Impregnation of starch-based materials with bioactive components soluble in scCO 2 can be performed using supercritical solvent impregnation (SSI). A literature survey on SSI of starch materials for different applications is given in Table 1 .
The articles listed in Table 1 included starch of various origins: potato and Eurylon7 amylomaize [20] , maize [21] , corn [22] [23] [24] , sorghum and rice [25] , pea [27] [23], cassava [26] and tapioca [27] . Starch used in the mentioned articles showed considerable potential as a carrier for the production of controlled drug delivery systems. Furthermore, the highest impregnation loadings were obtained when starch aerogels were impregnated due to their outstanding surface area and porosity achieved by supercritical drying [28] . On the other side, production of polymer aerogels requires a substantial flow of scCO 2 during the drying process [29] . Starch in the form of xero-and aerogel was used as carrier for SSI with thymol [27] . The study showed that xerogels expressed high thymol loading capacities at given experimental conditions (Table 1) , whereby the xerogels were easy to produce in a lowcost process. Finally, it can be noted that in all the presented articles SSI of starch with different active components was performed in a batch mode -the carrier and active component were exposed to scCO 2 in the same vessel as a batch and after a certain time, decompression was performed. This research was aimed to investigate the simultaneous scCO 2 extraction from H. italicum and impregnation of corn starch xerogels with the extract in order to produce a suitable system for oral intake of H. italicum bioactive components. As previously mentioned, H. italicum extract was shown to be effective in treatment of disorders in the digestive system. The main objective of this research was feasibility testing of the application of the recently introduced [30] integrated supercritical fluid extraction (SFE) and SSI (SFE-SSI) process in isolation of H. italicum extract and its incorporation into corn starch xerogels using scCO 2 . Influence of the xerogel preparation method as well as the SFE-SSI process parameters (impregnation time, mass of plant material to carrier mass ratio and addition of ethanol as co-solvent) on the impregnation loading was analyzed. Furthermore, the influence of ethanol as a co-solvent on the composition and antioxidant activity of H. italicum extracts was studied.
EXPERIMENTAL

Materials
H. italicum flowers were collected in August 2013 in the region Konavle (the southern part of Croatia) and kept away from direct sunlight at room temperature during the drying process. Corn starch (amylose content 28%) was obtained from Starch Industry Jabuka (Serbia) in the form of white to pale yellow powder. The density of starch given by the manufacturer was 1.5 g/cm 3 . Commercial CO 2 (purity 99%) was purchased from Messer-Tehnogas, (Serbia). Commercial acetone (purity 99.7%) and 96% ethanol (purity 99.8%) were purchased from Zorka Pharma-Hemija (Serbia). 2,2-diphenyl-1-picrylhydrazyl (DPPH, purity ≥99%), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ, purity ≥99%) and L-ascorbic acid (purity ≥99%) were purchased from Sigma-Aldrich GmbH (Germany). Folin-Ciocalteu reagent was purchased from Merck (Germany). Gallic acid (purity >98%) was obtained from TCI Europe (Belgium).
Starch xerogels preparation
Starch (10 g) was mixed with distillated water in the mass ratio of 1:10. The suspension was heated in a silicon oil bath and stirred with a magnetic stirrer (500 rpm) for 20 min at 100 °C to obtain hydrogels [27] . Hydrogels were immersed into the acetone for 5 days in the fridge at 8 °C to replace the water in the hydrogel pores. The volume of the acetone was the same as the volume of water used for the preparation of hydrogels (100 ml). The obtained acetogel films (thickness of 4.0±0.5 mm) were cut into small discs (diameter of 1 cm). The acetone was removed from the acetogels by air-drying at ambient conditions for 10 days to obtain xerogels (XG-Ac).
Xerogels were also produced from alcogels by gradual replacement of water in starch hydrogels. Hydrogels were poured into Petri dishes and warm 10% ethanol solution in water (temperature of 40 °C) was added. After cooling at ambient conditions, the hydrogel was left in the fridge at 8 °C during the night. Next day, the solvent for water replacement was removed and replaced with 20% ethanol solution and the hydrogel was returned into the fridge where it remained overnight. This procedure was repeated during the following days by using solvents with successively higher content of ethanol (30-96%) to prevent gel shrinkage (pore collapse). The obtained alcogel films (thickness of 4.0±0.5 mm) were cut into small discs (diameter of 1 cm). The ethanol was removed from the alcogels by air-drying at ambient conditions for 10 days to obtain xerogels (XG-Alc).
ScCO 2 extraction and impregnation
In order to investigate the influence of ethanol as a co-solvent on chemical composition and antioxidant activity of the obtained extract, scCO 2 extraction of H. italicum was performed first, apart from the integrated SFE-SSI process. The SFE was performed at the pressure of 350 bar and temperature of 40 °C. Moderately low temperature (40 °C) is suggested to prevent thermal degradation of terpenes [31] . Higher CO 2 pressure (density) is suggested for it favors extraction of phenolic compounds [32] . Due to the high polarity of phenolic compounds, especially flavonoids, an addition of small amounts of organic co-solvents like ethanol and methanol in order to change the solvent polarity and increase the solvating power towards the desired compounds is required [32, 33] . Ethanol in quantity of 10 mass% of CO 2 consumed in experiment without co-solvent was added to the milled plant material. Extraction was carried out in the extraction part of the experimental unit for the combined SFE-SSI process described in details below. The average extraction time was 5.5 h, while the average CO 2 flow rate was 0.19 kg/h. The extraction yield (y) was calculated using the following equation:
where m e is the mass of obtained extract, while m s is the mass of plant material at beginning of the process.
The integrated SFE-SSI process was carried out in the previously described [34] high pressure extraction adsorption (HPEA) 500 unit (Eurotechnica GmbH, Germany), Figure 1 .
Starch xerogel was placed in the 100 mL adsorption column, made of stainless steel and designed to be operated at maximum pressure of 690 bar and temperature of 250 °C, while milled H. italicum flowers (26.6±0.3 g) were put in the 280 mL stainless steel extractor, designed to be operated at maximum pressure of 534 bar and temperature of 120 °C. In experiments with co-solvent, ethanol in a quantity of 10 mass% of CO 2 in a system at operating conditions in the experiment without co-solvent was placed in the extractor as well. Plant material to carrier mass ratio of 10 and 20 was used. Liquid CO 2 was supplied from a CO 2 cylinder with a siphon tube, then cooled in a cryostat to prevent vaporization and finally pumped into the system by a liquid metering pump (Milton Roy, France). After the filling of vessels with CO 2 and reaching the operational conditions (350 bar and 40 °C) circulation of the solution (CO 2 + extract) through both vessels (extractor and adsorption column) during the 5 or 8 h followed. A high pressure gear pump designed to be operated at maximum pressure of 500 bar and temperature of 100 °C was used for circulation of the supercritical solution. At the end of each experiment the system was depressurized at the rate of 35 bar/min. The impregnation loading (I) was calculated using the following equation:
where m i is the mass of impregnated carrier, while m is the mass of carrier before the impregnation. All experiments were performed in duplicates. italicum extract incorporated in XG-Alc without cosolvent was also analyzed after its dissolving in a chloroform/methanol mixture (7:3). Gas chromatography analysis of the extracts was carried out on a HP-5890 Series II GC apparatus (Hewlett-Packard, Waldbronn, Germany), equipped with split-splitless injector and automatic liquid sampler, attached to HP-5 column (25 m×0.32 mm, 0.52 μm fil thickness) and fitted to flame ionization detector (FID). Carrier gas flow rate (H 2 ) was 1 mL/min, split ratio 1:30, injector temperature was 250 °C, detector temperature 300 °C, while column temperature was linearly programmed from 40 °C to 260 °C (at rate of 4 °C/min), and then kept isothermally at 260 °C for 10 min. Solutions of samples dissolved in chloroform/methanol mixture (7:3) were consecutively injected in amount of 1 μL. Area percent reports, obtained as result of standard processing of chromatograms, were used as the base for the quantification analysis.
The same analytical conditions as those mentioned for GC/FID were employed for GC/MS analysis, along with column HP-5MS (30 m×0.25 mm, 0.25μm film thickness), using HP G 1800C Series II GCD system (Hewlett-Packard, Palo Alto, CA, USA). Helium was used as a carrier gas. Transfer line was heated at 260 °C. Mass spectra were acquired in EI mode (70 eV), in m/z range 40-450. The amount of 0.2 μL of the sample solution in chloroform/methanol mixture (7:3) was injected. The components of the oil were identified by comparison of their spectra to those from Wiley 275 and NIST/NBS libraries, using different search engines. The experimental values for retention indices were determined by the use of calibrated Automated Mass Spectral Deconvolution and Identification System Software (Amdis, ver. 2.1), compared to those from the available literature (Adams) [35] and used as additional tool to approve MS findings.
Determination of total phenolic content
The content of total phenolics in the extracts was determined by a modified Folin-Ciocalteu method [36] . The extracts were diluted in methanol to a final concentration of 1 mg/mL. 0.1 mL of extracts was shaken for 1 min with 0.5 mL of Folin-Ciocalteu reagent and 6 mL of distilled water. After the mixture was shaken, 1.5 mL of 20% Na 2 CO 3 was added and the mixture was shaken once again for 0.5 min. Finally, the solution was brought up to 10 mL by adding distilled water. After incubation for 2 h at room temperature, the absorbance was measured at 750 nm using glass cuvettes against a blank (100 μL of methanol instead of test samples). The total phenolic content was calculated using the standard calibration curve of gallic acid (from 1 to 1.500 μg/mL). Spectrophotometric measurements were performed by using UV-Vis spectrophotometer HP 8453 (Agilent Technologies, USA) in order to determine total phenolic and total flavonoid contents. The analysis was performed in triplicate and the results were expressed as milligrams of gallic-acid equivalents (GAE) per g of dried extract.
Determination of total flavonoid content
Total flavonoid content was measured by means of the aluminum chloride colorimetric assay [37] . An aliquot (1 mL) of 0.02, 0.04, 0.06, 0.08, 0.10 mg/mL methanolic catechin solutions or methanolic plant extracts (1 mg/mL) was added into a 10 mL volumetric flask containing 4 mL of water. Then 0.3 mL of 5% NaNO 2 was added and after 5 min, 0.3 mL of 10% AlCl 3 , was added. After 6 min, 2 mL of 1 M NaOH was added and the total volume was made up to 10 mL with water. The solution was well mixed and the absorbance was measured against the prepared blank at 510 nm. Total flavonoids were expressed as g of catechin equivalents (CE) per g of the dry extract.
Determination of antioxidant activity of the extracts
Antioxidant activity of the extracts was measured on the basis of scavenging activities of the stable 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical [38] . 80 μL of extract previously diluted in methanol to obtain at least four different concentrations (0.2 to 1 mg plant material/mL), 2.92 mL of methanol and 1.0 mL of freshly prepared DPPH methanol solution (90 μmol/L) were shaken vigorously and left in the dark for 30 min at room temperature. The absorbance was measured against a blank (methanol) at 517 nm. Inhibition of the DPPH radical was calculated as a percentage (PE, %) using the following equation:
where A control is the absorbance of the control reaction (containing all reagents except the test compound), and A sample is the absorbance of the test compound.
Synthetic antioxidant L-ascorbic acid was used as a positive control and all tests were carried out in triplicates. The FRAP (the ferric reducing ability of plasma) assay is based on the reduction, at low pH, of a yellow ferric complex (Fe -TPTZ) by the action of electron-donating antioxidants. The reduction is monitored by measuring the change of absorbance at 593 nm. The measurement was carried out according to the method reported by Benzie and Strain [39] . The working FRAP reagent was prepared daily by mixing 10 volumes of 300 mM acetate buffer pH 3.6 (containing 6.4 mL 2 M sodium acetate solution and 93.6 mL 2 M acetic acid solution diluted in a volumetric flask (1 L)) with 1 volume of 10 Mm TPTZ (in 40 mM HCl) and with 1 volume of 20 mM ferric chloride. A standard calibration curve was constructed using aqueous solutions of FeSO 4 ⋅7H 2 O at different concentrations (0.1-1 mM). For antioxidant activity determination, 100 μL of methanol plant extract (in concentration of 1mg of dry extract/mL) were mixed with 3 mL of the FRAP reagent. The absorbance readings were started after 10 min and they were performed at 593 nm against a blank (100 μL of methanol instead of test samples). The FRAP value was calculated and expressed as mmol Fe (II) equivalents per gram of extract (mmol Fe (II)/g) based on the standard calibration curve.
Characterization of xerogels
Morphology of the starch xerogels was investigated by the field emission scanning electron microscopy (FE-SEM, Mira 3 XMU TESCAN a.s., Czech Republic) operated at the accelerating voltage of 10 kV. The samples of the starch xerogels were coated with a thin layer of Au/Pd (85/15), using a sputter coater (Polaron SC502, Fisons Instruments, UK) prior to the analysis.
Density and porosity of the xerogel samples were determined by the pycnometer method. The density of the samples (ρ x ) was calculated using Eq. (4) according to the previously described procedure [40] The measurements were performed in triplicates. Porosity of the xerogels (ε) was calculated using the following equation [41] : terpenes -neryl acetate (1.5%), ar-curcumene (4.1%), β-selinene (4.6%) and xanthorrhyzol (2.1%), ester methyl caprylate (9.2%), hydrocarbons nonacosane (3.0%) and untriacontane (2.7%) and 3,4-dihydro--4,4,5,7,8-penthamethyl coumarin-6-ol (5.9%). Main components of the H. italicum extract obtained using co-solvent were terpenes neryl acetate (2.0%), ar-curcumene (6.4%), β-selinene (4.9%) and α-selin-11-en--4-ol (1.8%), 2-methyl-3-oxo-valeric acid methyl ester (5.2%), hydrocarbons nonacosane (5.9 %) and untriacontane (7.4%) and 2α-acetoxy-11-metoxy amorpha--4,7-diene (7.0%) and 3,4-dihydro-4,4,5,7,8-penthamethyl coumarin-6-ol (6.4%). The Folin-Ciocalteu method and aluminum chloride colorimetric assay were used to quantify fractions of higher molecular weight compounds in H. italicum supercritical extracts. Obtained results (Table 3) indicated significantly higher total phenolic content in the extract obtained with pure scCO 2 , compared to values reported for H. italicum essential oil (74±1.642 mg GAE/g sample [42] ), ethanolic extract (31.97 1.42 mg GAE/g dry extract [43] ) and aqueous extract (15.69±0.17 mg GAE/g dry extract [44] ). On the other hand, according to the obtained results (Table 3) , addition of ethanol caused an increase of total flavonoid content by 20%. Kladar et al. [43] determined the total flavonoid content in H. italicum ethanolic extract, being 20.68±0.66 mg QE/g dry extract, expressed as quercetin equivalents, while in this study we obtained 130.27±1.14 and 57.77±1.01 mg CE/g dry extract, expressed as catechin equivalents, for the extract obtained with pure scCO 2 and extract obtained using co-solvent, respectively. Results presented in Tables  2 and 3 indicated the significant role of ethanol as a co-solvent in modification of scCO 2 selectivity.
Antioxidant activity of H. italicum scCO 2 extracts obtained at 350 bar and 40 °C was tested by DPPH free-radical and FRAP assays. Results given in Table   3 indicated moderate antioxidant potential of H. italicum extracts, which is in accordance with previously reported data [15, 16] . Costa et al. [15] showed that the DPPH radical scavenging ability of the scCO 2 extracts of H. italicum isolated at 120 bar and 40 °C increased in a dose-dependent manner (approximately 15-60% at concentration of 0.625-5.0 mg/mL), while the extracts isolated at 90 bar and 40 °C were not able to reduce the DPPH radical at the studied concentrations. On the other side, Poli et al. [16] reported scavenging effect of H. italicum extracts obtained at 260 bar and 50 °C of 10.79±0.3--95.2±1.5% at concentration of 5-200 μg/mL, tested by DPPH method, 0.5±0.026-0.857±0.04% after 28--56 h, assessed by the β-carotene bleaching test and none to full superoxide radical scavenging activity at concentration of 25-200 μg/mL. Addition of ethanol as a co-solvent resulted in a slight increase of antioxidant activity in both tests. Since the extract obtained with the addition of ethanol contained 40.8% terpenes (1.5 times higher content than in the extract obtained with pure CO 2 ), whereas the extract obtained with pure scCO 2 contained 50.3% fatty acids, esters, aldehydes and alcohols and 2 times higher total phenolic content than the extract obtained with addition of ethanol, it could be concluded that both types of compounds equally contribute to the antioxidant activity of H. italicum extracts.
The SEM images of dried XG-Ac and XG-Alc were given in Figure 2 . Both types of xerogel possessed compact and porous structures which could be due to the completed gelatinization in the applied temperature range.
The determined density of the XG-Ac and XG--Alc samples was 1285.3±3.2 kg/m 3 and 1213.9±6.8 kg/m 3 , respectively. Corresponding porosity of the XG-Ac and XG-Alc samples was 14.3±0.2% and 19.1±0.5%, respectively.
Integrated SFE-SSI process Obtained impregnation loadings of H. italicum extract in the xerogels at selected conditions (350 bar and 40 °C) for different process parameters (plant to carrier mass ratio, contact time, use of co-solvent) are listed in Table 4 .
In the case of XG-Ac impregnation, the influence of all mentioned parameters was tested. Addition of the co-solvent in the case of XG-Ac resulted in almost two times lower impregnation loading (decrease from 0.99±0.06 to 0.54±0.13%) despite the fact that the solubility of H. italicum extract was higher in the scCO 2 +EtOH system, than in pure scCO 2 (according to the obtained extraction yields). This could be due to the higher affinity of H. italicum extract to the scCO 2 +EtOH mixture than to the starch xerogel. Increase of the process time from 5 to 8 h resulted in the decrease of the impregnation loading from 0.99±0.06 to 0.83±0.05%. It could be assumed that impregnation of the xerogel with H. italicum extract in a particular moment reaches its maximum, after which desorption of the extract takes place [34] . Increase of the plant material/carrier mass ratio from 10 to 20, in the case of XG-Ac, resulted in the decrease of the impregnation loading from 0.99±0.06 to 0.88±0.01%. Therefore, the process time of 5 h, plant material/carrier mass ratio of 10 and impregnation without co-solvent were found to be the optimal conditions with respect to the obtained loading in the case of XG-Ac. Based on these results, impregnation of XG-Alc was performed without the co-solvent during 5 h, whereby the plant material/carrier mass ratio was varied. Increasing of the plant material/carrier mass ratio had a negative effect on the impregnation loading. As presented in Table 4 , the highest impregnation loading of 1.26±0.22% was achieved for the SFE-SSI of xerogel obtained from alcogel (XG-Alc) with pure scCO 2 during 5 h and with the plant material/carrier mass ratio of 10. Significantly higher impregnation loading for the SFE-SSI of XG-Alc under the same process conditions compared to XG-Ac (Table 4 ) indicated a positive influence of gradual water replacement during the preparation of XG-Alc. SEM analysis indicated that gradual water replacement positively affected porosity of the xerogels (Figure 2 ) which was confirmed by the determined porosity values (higher porosity was determined for the XG-Alc sample). Therefore, this could be the reason for 27% higher impregnation loading of the extract in XG-Alc (1.26± ±0.22%) in comparison to XG-Ac (0.99±0.06%) at the same SFE-SSI conditions (Table 4) .
Finally, xerogels obtained in the SFE-SSI process with the co-solvent had a more intensive yellow color compared to the one obtained in the SFE-SSI process with pure scCO 2 . This was assumed to be due to the change of scCO 2 selectivity in the presence of ethanol (Table 2) .
GC/MS analysis of the H. italicum extract dissolved from the impregnated XG-Alc resulted in identification of 93.7% compounds. Content of the compound groups is listed in Table 2 . As can be seen, the It was shown that the addition of ethanol as a co-solvent changed selectivity of scCO 2 increasing total terpenic content as well as the content of coumarin and amorphene derivatives and flavonoids. Both scCO 2 extracts showed moderate antioxidant activity.
In the case of XG-Ac ethanol as a co-solvent significantly lowered the impregnation loading, which led to the conclusion that the extract possesses higher affinity to scCO 2 +ethanol mixture than to the xerogel. The increase of impregnation time from 5 to 8 h, as well as the plant material to carrier mass ratio caused decrease of the impregnation loading. The highest impregnation loadings were obtained in the processes with pure scCO 2 , during 5 h and with plant material to carrier mass ratio of 10. Significantly higher impregnation loading for XG-Alc could be attributed to the different porosity and morphology of the xerogels which was visible on the SEM images. Obtained results indicated feasibility of the combined SFE-SSI process application in extraction and posterior impregnation of H. italicum extract into the starch xerogels. In further research a more thorough analysis of the influence of contact time and impregnation mode on the impregnation loading and chemical composition of the loaded extract is needed.
